This paper introduces a pneumatically driven inkjet printing system that forms highly viscous microdroplets in the nanoliter volume range. The printing system has a unique printing mechanism that uses a flexible membrane and an effective backflow stopper. While typical inkjet systems can handle liquids with a limited range of viscosity due to energy loss by viscous dissipation at the nozzle and ineffective backflow management within their systems, our printing system can print liquids with viscosity as high as 384.5 cP. In the viscosity range 1-384.5 cP, we investigated printing characteristics such as printed droplet volume, standoff distance, and maximum possible frequency. The droplet formation showed outstanding reliability, with the droplet volume exhibiting a coefficient of variation less than 1.07 %. Our printing system can be directly used in inkjet applications with functional liquids over a broad viscosity range.
Background
Inkjet technology, which delivers a minute droplet onto a desired position, offers several advantages for fabricating micropatterns, including reduced material usage, minimized use of hazardous etching chemicals, compatibility with various substrates, and reduced number of process steps [1] . Thus, inkjet technology has been regarded as an effective fabrication tool for the use of liquid functional materials and has been implemented into research areas such as fabrication of organic thin-film transistors [2] , organic solar cells [3] , 3D structures [4] , and cellular structures [5] . The properties (i.e., viscosity, surface tension, and density) of the printing liquids govern the operation of an inkjet printing system. Among these properties, viscosity is often a limiting factor because the ejection of the droplets depends on the amount of energy loss caused by viscous dissipation at the nozzle [6, 7] . In general, the viscosity must be less than 30 cP [8] . Because of the viscosity limitation, many researchers have attempted to develop appropriate functional liquids for use in inkjet systems (e.g., lowering viscosity via dilution). The limited viscosity of the printing liquids restricts the content of functional pigments, leading to limited functionality (i.e., the printing liquids in an inkjet system can carry a lower amount of functional pigments than those in a contact printing system) [9] . Thus, contact printing methods such as screen and offset printings are preferred for handling highly viscous functional liquids. If the allowable viscosity range for inkjet systems can be increased, the printed results will exhibit greater performance and better throughput. Therefore, to extend the range of applications of inkjet printing, it is essential to develop a printing mechanism that can eject viscous liquids as well as appropriate printing liquids.
In this study, we present an inkjet printing system that forms highly viscous microdroplets in the nanoliter volume range. To print highly viscous liquids, a unique pneumatically driven printing mechanism with a flexible membrane and an effective backflow stopper was used in the printing head. Since the effective backflow stopper can provide complete confinement of the liquid within the chamber along with the flexible membrane, energy loss during the ejection of the droplets can be dramatically reduced. Therefore, effective energy transfer can be realized which enables highly viscous microdroplet formation.
The performance of the printing system was assessed by application of liquids with a broad range of viscosity (1-384.5 cP). The system showed reliable performance, with the droplet volume exhibiting a coefficient of variation (CV) less than 1.07 %. For analyzing printing characteristics, the dependence of the printing volume, minimum standoff distance, and maximum printing frequency on the liquid viscosity was examined. While typical inkjet systems can use liquids with a limited range of viscosity, our printing system can print liquids of viscosity as high as 384.5 cP without additional energy (e.g., heating of printing liquids to reduce viscosity). Therefore, our printing system can be directly used in inkjet applications with functional liquids over a broad viscosity range, without a need for controlling viscosity of printing liquids.
Printing mechanism
The printing module of our pneumatic printing system includes a printing head to generate droplets, a liquid reservoir to supply and store liquid into the printing head, and an operating part with a solenoid valve to switch pressures on the printing head (Fig. 1a) . Each part of the printing head was fabricated using the microelectromechanical systems (MEMS) fabrication processes. In the printing head, a flexible membrane is located between rigid substrates comprising a silicon layer and a glass layer. Using deep reactive-ion etching (DRIE) process, the silicon layer was designed to have a nozzle (length 100 µm length, diameter 100 µm), a chamber (diameter 1.5 mm, height 100 µm), and a donut-shaped bump structure (inner diameter 1.5 mm, outer diameter 2.5 mm) to prevent backflow. The through-hole patterns in the glass layer were formed by a wet etching process using hydrogen fluoride. The diameters of the inlet hole and the actuating holes are 2 and 3 mm, respectively. The flexible membrane (thickness 70 µm) was obtained by spin coating with a 10:1 (weight ratio) mixture of a polydimethylsiloxane (PDMS) prepolymer and a curing agent. For assembly, all parts were bonded using an O 2 plasma treatment. For stable droplet formation, a hydrophobic coating of 1 % Teflon solution was applied on the outside of the nozzle after assembly.
To eject microdroplets, the printing head is actuated by positive and negative pressures transferred during the on and off times of the solenoid valve, which is triggered by electric signals tailored from a LabVIEW program (Fig. 2) . When negative pressure is applied onto the flexible membrane in the head, the closed chamber is opened by the membrane deflected upward and is filled with liquid from the reservoir (Fig. 2a) . Then, positive pressure is applied onto the membrane and the chamber is instantly closed to prevent backflow, which is an unwanted flow toward the inlet of the printing head (Fig. 2b) . The membrane deflected downward by further positive pressure squeezes the chamber to generate a droplet (Fig. 2c) . A microdroplet is formed per electric signal pulse transferred to the solenoid valve in a dropon-demand (DOD) mode. The droplet formation process is repeated for several microdroplets.
Experiment setup
Our experiment setup consists of a printing system, an in situ monitoring system, and a measuring system for analyzing the droplet formation and printing volume (Fig. 3) . The printing system consists of the printing module, a laboratory-built pneumatic controller (which consistently provides positive and negative pressures at set values ranging from −100 to 200 kPa), and a computer for running the LabVIEW program. The in situ monitoring system consists of a high-speed camera (Phantom MIRO M320S, Vision Research) and an LED light source. The droplet formation process was captured at 15,000 fps. The droplets were collected in a silicone oil bath to prevent evaporation and weighed using a precision scale with a resolution of 0.0001 g (MS-70, A&D Ltd.); the mass thus measured was converted into the droplet volume [10] .
To confirm the printable viscosity range of our system, printing liquids with different viscosity values were prepared using glycerol and deionized (DI) water. Figure 4 shows the variation in the viscosity of the glycerol-water mixture with glycerol concentration in terms of weight ratio. The viscosity exponentially increases with glycerol concentration over a small surface tension variation. Glycerol-water mixture concentrations of 0, 40, 60, 80, 84, 88, and 92 % glycerol-water mixtures were used for the experiment; these values correspond to 1.0, 3.7, 10.7, 59.9, 84.3, 147.5, and 384.5 cP, respectively [11] .
Results and discussion

Operating conditions
The conditions for each printing liquid, such as the magnitudes of positive and negative pressures, the push time for deflecting the membrane downward by positive pressure, and the pull time for deflecting the membrane upward by negative pressure, were optimized to operate the printing head. To generate a droplet, an appropriate kinetic energy must be transferred to the liquid. The kinetic energy is adjusted by positive pressure and push time. The higher the viscosity of the printing liquid, the higher the energy required to generate a droplet. For glycerol-water mixture concentrations of 0, 40, 60, 80, 84, 88, and 92 %, the required minimum positive pressures to eject a minimum volume of each viscous liquid were 2, 3, 10, 65, 150, 200, and 200 kPa, respectively, at a fixed push time of 3 ms. In the case of the 92 % glycerol-water mixture, a higher push time of 5 ms was set to transfer more energy because 200 kPa is the maximum pressure in our current configuration. Negative pressure is optimized to prevent air bubble entrapment in the chamber of the printing head and was fixed at −5 kPa for all printing liquids. For each printing liquid, sufficient pull times were provided within 600 ms to return the liquid meniscus at the end of the nozzle to its initial state. The height of the liquid column in the reservoir was maintained at 40 mm for each test.
Droplet formation
Successful droplet formation occurred for all printing liquids in the viscosity range 1-384.5 cP, as observed by the in situ monitoring system (Fig. 5 ). Adequate kinetic energy should be transferred to the liquid to overcome the energy loss at the end of the nozzle for viscous droplet formation. To minimize the energy loss, the actuating area and the 100 μm diameter nozzle are concentrically aligned to minimize flow resistance. In the printing mechanism, high positive pressure up to 200 kPa can be directly applied onto the thin flexible membrane. The bump structure, which acts as a backflow stopper by closing the chamber with the deflected membrane by positive pressure, inhibits an undesirable backflow toward the inlet and effectively transfers kinetic energy only toward the nozzle (Fig. 2b) . In addition to the efficient energy transfer, when the printing liquid has high viscosity, the liquid is continually stretched by inertial motion of the liquid during the pull time to apply negative pressure onto the membrane after push time. The negative pressure promotes liquid necking during the stretching stage (see the droplet formation images after 3 and 5 ms in Fig. 5b, c respectively) . This necking process can be observed for glycerol-water mixtures with the glycerol concentration higher than 80 %.
Numerous droplets (over 10,000) were weighed to measure the printed droplet volume. The printed volume at the operating condition gradually increased with glycerol concentration because a high-viscosity liquid requires a high positive pressure due to the increased energy loss caused by viscous dissipation at the nozzle (Fig. 6 ). In the printing mechanism, the amount of the energy transferred to the liquid in the chamber of the head is determined by the magnitude of the positive pressure applied to the membrane during the push time. A higher positive pressure causes more volume in the chamber to be squeezed by the deflected membrane. The squeezed liquid in the chamber stretches through the nozzle, forming a droplet. The printing system generated droplets at a precise volume. The measured droplet volumes were 12.2 (CV = 1.02 %), 13.0 (CV = 0.79 %), 14.9 (CV = 1.04 %), 34.1 (CV = 0.83 %), 41.6 (CV = 0.97 %), 45.8 (CV = 1.07 %), and 63.5 (CV = 0.79 %) for 20, 40, 60, 80, 84, 88, and 92 % glycerol-water mixtures, respectively. The performance of our system is reliable because the mean values of the measured droplet volume exhibited a CV less than 1.07 %. In the current printing setup, our system prints a droplet of 63.5 nL at 384 cP. To achieve a smaller droplet volume range, the nozzle size can be reduced; however, narrower nozzles induce more energy loss. Therefore, a higher performance pump that can apply a higher pressure is essential to transfer higher energy as the nozzle diameter decreases.
Minimum standoff distance
Inkjet printing is categorized as a noncontact fabrication method. The space between the nozzle and the substrate must be secured and is called the "standoff distance. " The minimum standoff distance is defined as the distance at which a stretched liquid from the nozzle merges into a single droplet with satellite droplets. Printing at a shorter standoff distance than the minimum standoff distance degrades the quality of the printing result. A longer standoff distance produces an inaccurately printed pattern due to the undesired airflow in a printing setting. Thus, we analyzed the minimum standoff distance of our system for the various liquids examined (Fig. 7) . The minimum standoff distance increases on increasing the glycerol concentration from 40 to 92 % because high viscosity requires high kinetic energy, causing a long tail behind the main head of the liquid filament. Distances of 0.62 ± 0.02, 0.67 ± 0.03, 2.08 ± 0.15, 2.85 ± 0.11, and 3.51 ± 0.06 mm were required for 40, 60, 80, 84, 88, and 92 % glycerol-water mixtures, respectively. From this trend, a distance lower than 0.62 mm would be expected for DI water (0 % glycerol concentration). However, a longer than expected standoff distance of 1.09 ± 0.03 mm was required. For the 0 % glycerol concentration liquid, the liquid droplet is formed at the positive pressure of 2 kPa, the minimum pressure required to form a droplet. However, a greater amount of energy than that required to form a single droplet was transferred although a relatively lower positive pressure was applied. Thus, a long filament with a high aspect ratio was formed, causing the formation of satellites. The satellite droplet formation during the single droplet formation was observed via in situ monitoring (Fig. 5a) . Although the minimum standoff distance to preserve an inaccurately printed pattern caused by undesired airflow in a printing setting is within 1 mm of the value for typical inkjet systems [12] , our system has longer standoff distances at different viscosities, which indicates that our system is compatible with various structured substrates.
Droplet formation frequency
The printing frequency is a parameter that is correlated with fabrication throughput. The liquid properties of printing liquids and printing actuating types restrict the maximum printing frequency. For a given printing head design, the maximum potential frequency is determined by the inverse of the time taken for formation of a droplet [7] . The ideal time to form a droplet is estimated via repeated in situ monitoring (Fig. 8) . With increasing glycerol concentration, the time to eject a droplet and prepare for the next droplet formation increases: The 0, 40, 60, 80, 84, 88, and 92 % glycerol-water mixtures required a time of 2.84 ± 0.08, 5.21 ± 0.20, 10.67 ± 0.38, 39.24 ± 0.91 85.95 ± 0.59, 145.81 ± 1.21, and 225.55 ± 2.65 ms, respectively. The averaged time for each liquid can be converted to the maximum possible frequency (Fig. 8) . Because a longer time is required to form a droplet for a more viscous liquid, the maximum frequency is low at high viscosity: The maximum frequency for the 0, 40, 60, 80, 84, 88, and 92 % glycerolwater mixtures was 352.11, 191.82, 93.75, 25.48, 11.64, 6.86, and 4.43 Hz, respectively. During the droplet formation process for high-viscosity liquids, the residual liquid after pinch-off of the main droplet in a filament required a long time to return to its initial state to prepare for the next droplet formation (see the formation process after 4.5 ms in Fig. 5b and 12.7 ms in Fig. 5c ). In the whole process time, most of the time is spent on retraction of the residual liquid. To reduce the retraction time, the friction between the hanging liquid and the outside surface of the nozzle should be minimized. The maximum frequency can be improved by the application of a superhydrophobic surface on the outside of the nozzle. 
Conclusions
We developed a pneumatically driven inkjet printing system that forms highly viscous microdroplets in the nanoliter volume range. The performance of the printing system at high viscosity was assessed via the application of liquids with a broad range of viscosity (1-384.5 cP). The operating conditions were optimized to determine the minimum droplet volumes for each liquid. The printed droplet volumes were in the range 12.2-63.5 nL and increased with the viscosity of the printing liquids. The printing system showed outstanding reliability in droplet formation, with a CV ≤ 1.07 % for the droplet volume. The minimum standoff distance was in the range 1.09-3.51 mm and depended on the viscosity of the printing liquids. The standoff distance was increased by high viscosity and excessive energy, leading to long tails during droplet formation. The printing frequency was estimated as the time to form a droplet and was found to be strongly affected by the high viscosity of the printing liquids. Liquids with high viscosity required a long retraction time (i.e., the time taken by the liquid to return to its initial state) for the residual liquid at the end of the nozzle after pinch-off. While typical inkjet systems can print liquids with a limited viscosity range, our printing system can print liquids of viscosity ranging from 1 to 384.5 cP without the need for additional energy (e.g., heating of printing liquids to reduce the viscosity). Therefore, without requiring viscosity control of the liquids, our printing system can be directly used in inkjet applications with functional liquids over a broad viscosity range. 
